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sul'il'tARY
ÍHE I' |ORPH0L0GY AND FUI'ICTI0NS 0F THE I'IUSCLES AR0UtlD THE HIP JOIllT AFTER
A UIIILATERAL TRANSFEI'IORAL AI'IPUTATION
Th is  d i sse r ta t i on  i s  conce rned  w i th  t he  consequences  o f  a  t r ans femora l
ampu ta t i on  f o r  t he  morpho logy  and  func t i ons  o f  t he  musc les  a round  the
h i p  j o i n t .  K n o w l e d g e  a b o u t  a n d  i n s i g h t  i n t o  t h e  c h a n g e s  a p p e a r i n g  i n
the  morpho logy  and  func t  i ons  o f  t he  h ip  musc les  o f  t r ans femora l
ampu tees  a re  impor tan t  t o  ampu ta t i on  su rge ry  as  we l l  as  t o  p ros the -
t i c s .  A m p u t a t i o n  s u r g e r y  a n d  p r o s t h e t i c s  a r e . i n t e r r e l a t e d  a n d  c a n n o t
be  sepa ra ted  one  f rom the  o the r .  The  ampu ta t i on  shou ld  be  pe r fo rmed  j n
such  a  manner  t ha t  a  good  func t i ona l  s tump  w i  1  1  be  ach  i eved .  The
qua l i t y  o f  t he  s tump  i s  de te rm ined  by  t he  1eve1  o f  ampu ta t i on ,  t he
ampu ta t i on  me thod ,  t he  me thod (s )  o f  musc le  rea t tachmen t  and  the  f i na l
shape  o f  t he  s tump .  The  p ros thes i s  shou ld  be  des igned  i n  such  a  way
tha t  t he  s tump  can  ac t  f unc t i ona l l y  i n  t r ans fe r r i ng  f o r ces  to  and  f rom
t h e  p r o s t h e s i s  a n d  t h e  g r o u n d .  T h e  q u a 1 i t y  o f  t h e  p r o s t h e s i s  i s
de te rm ined  by  t he  des ign  and  f i t  o f  t he  socke t  and  the  componen ts  and
a l i gnmen t  o f  t he  p ros thes i s .  I n  o rde r  t o  improve  and  op t im ize  ampu ta -
t  i on  su rge ry  and  p ros the t i cs  and  the  co l  l abo ra t i on  be tween  bo th
d i sc ip l i nes  more  know ledge  abou t  and  i ns igh t  i n to  t he  morpho logy  and
func t i ons  o f  t he  h ip  musc les  o f  t r ans femora l  ampu tees  i s  necessa ry .
T h e  a i m s  a n d  t h e o r e t i c a l  p r i n c i p l e s  o f  t h i s  s t u d y  a r e  d i s c u s s e d  i n
chap te r  1 .
Chap te r  2  desc r i bes  the  me thod  des igned  to  de te rm ine  the  geomet ry  and
vo lumes  o f  t he  bones  and  musc les  i n  t he  h ip  and  th igh  reg ion .  The
m e t h o d . i s  b a s e d  o n  t h r e e - d j m e n s i o n a l  ( 3 D )  r e c o n s t r u c t i o n  o f  c o n t o u r -
ou t l  i ned  two -d imens jona l  ( 20 )  Magne t i c  Resonance  Images  (MRI  ) .  The
con tou rs  o f  t he  bones  and  musc les  a re  t r aced  manua l  1y .  F i r s t  t he
c ross -sec t . i ona l  a reas  o f  t he  t r aced  con tou rs  o f  a  s t ruc tu re  a re
ca l cu la ted .  a f t e r  wh i ch  the  vo lume  o f  t he  s t ruc tu re  i s  de te rm ined  as
t h e  s u m  o f  t h e  D r o d u c t s  o f  t h e  c r o s s - s e c t i o n a l  a r e a s  t i m e s  t h e  s l i c e
t h i c k n e s s  ( 5 . 5  m m ) .
In  chap te r  2  a l so  t he  morpho logy  o f  t he  h ip  musc les  o f  t h ree  no rma l
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and  rep roduc ib i l i t y  o f  t he  me thod  and  fo r  ano the r  as  re fe rence  ma te r i -
a l  f o r  t he  s tudy  o f  t he  changes  appea r i ng  i n  t he  morpho logy  o f  t he  h ip
musc les  a f t e r  a  t r ans femora l  ampu ta t i on .
T h e  r e l i a b i l i t y  a n d  r e p r o d u c i b i l i t y  d e p e n d  o n  t h e  a c c u r a c y  w i t h  w h i c h
the contours of  the st ructures have been t raced.  Inaccuracy in  t rac ing
and  thus  i n  t he  vo lume  ca l cu la t i ons  can  be  due  to  t echn i ca l  f ac to rs ,
such as the gray level  var iat ion and f requency ar t i facts in  the MR
images  (espec ia l l y  be tween  rnuscu la r  and  ad ipose  t i ssue )  and  sub jec t i ve
fac to rs ,  such  as  t he  sub jec t i ve  i n te rp re ta t i on  o f  t he  con tou rs  o f  t he
s t ruc tu res  i n  t he  MR images  ( i n te rp re ta t i ona l  e r ro r ) .  The  re la t i ve
e r ro l i n  t he  vo lume  ca l cu la t i ons  (%)  due  to  t echn i ca l  f ac to rs  depends
on  the  c ross -sec t i ona l  a rea  o f  t he  con tou rs  and  dec reases  w i th  i nc rea -
s ing  c ross -sec t i ona l  a rea ;  10% fo r  an  a rea  o f  I 25  nnz  up  to  0 .1% fo r
a reas  i a rge r  t han  500  mmZ.  The  i n te rp re ta t i ona l  e r ro r  depends ,  apa r t
f r o m  t h e  s i z e  o f  t h e  c r o s s - s e c t i o n a l  a r e a ,  o n  t h e  v i s i b i l i t y  o f  t h e
c o n t o u r s .  B o n e s  a r e  c l e a r l y  v i s i b l e ,  j u s t  l i k e  m u s c l e s  e m b e d d e d  i n  f a t
o r  su r rounded  by  a  t h i ck  f asc ia .  The  i n te rp re ta t i ona l  e r ro r  o f  t hese
s t ruc tu res  i s  l ow  (0 -3%) .  Musc les  wh i ch  a re  c l ose l y  apposed  to  each
o the r  w i t hou t  a  t h i ck  i n te rven ing  fasc ia  ( t he  t h ree  vas t i  sepa ra te l y ,
adduc to r  m in imus  and  b rev i s )  a re  d i f f . i cu l t  t o  sepa ra te  i n  t he  images ,
resu l t i ng  i n  a  h igh  i n te rp re ta t i ona l  e r ro r  (10%) .
T h e  c r o s s - s e c t i o n a l  a r e a s  o f  a l l  m u s c l e s  i n  t h e  h i p  a n d  t h i g h  r e g i o n
a re  much  l a rge r  t han  500  mm2,  as  a  resu l t  o f  wh j ch  the  e r ro rs  o f
t r a c i n g  a n d  o f  t h e  v o l u m e  c a l c u l a t i o n s  a r e  r e l a t i v e l y  1 o w  ( 0 - 3 % ) .  T h i s
does  no t  app l y  t o  t he  t endons ,  wh i ch  have  sma l l  c ross -sec t i ona l  a reas .
MRI  i n  comb ina t i on  w i th  3D- recons t ruc t i on  acco rd ing l y  p rov ides  an
accu ra te  and  de ta i  l ed  ana tom ica l  desc r i p t i on  o f  t he  geomet ry  and
vo lumes  o f  t he  bones  and  musc les  i n  t he  h ip  and  th igh  reg ion .  MRI
g i v e s  t h e  p o s s i b i l i t y  o f  s t u d y i n g  s u p e r f i c i a l  a s  w e l l  a s  d e e p  m u s c l e s
u n d e r  t e n s i o n  i n  t h e  l i v i n g  s t a t e .
0n  the  bas i s  o f  t he  des igned  me thod  the  morpho logy  o f  t he  bones  and
m u s c l e s  j n  t h e  h i p  a n d  t h i g h  r e g i o n  h a s  b e e n  s t u d i e d  i n  t w e l v e  m a l e
un ' i l a te ra l  t r ans femora l  ampu tees .  The  bones  and  musc les  a t  t he  ampu ta -
ted  s ide  change  cons ide rab l y  a f t e r  a  t r ans femora l  ampu ta t i on .  I n  t en
amputees at rophy of  the substant ia  compacta of  the femur has occurred
(10 -40%) ;  t he  mar row  cav i t y  has  i nc reased  i n  vo . l ume  and  the  th i ckness
of  the compact  bone of  the femur has decreased.
The  pa r t l y  ampu ta ted  musc les  (40 -60%)  as  we l l  as  t he  i n tac t  musc les  a t
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t h e  a m p u t a t e d  s i d e  ( 0 - 3 0 % )  a r e  a t r o p h i e d .  C l e a v e d  m u s c l e s ,  w h i c h  a r e
no t  reancho red ,  a re  re t rac ted  and  show fa t t y  degene ra t i on .  Howeve r ,  i f
t he  pa r t l y  ampu ta ted  musc les  have  been  reancho red  co r rec t l y ,  t hese
musc les  a re  a t roph ied  bu t  no t  degene ra ted  i n to  f a t .  The  amoun t  o f
a t r o p h y  o f  t h e  i n t a c t  m u s c l e s  ( i  1  i o p s o a s ,  g l u t e u s  m e d i u s  a n d  m i n i m u s )
i s  s t a t i s t i c a l  l y  s i g n i f i c a n t  d e p e n d e n t  o n  t h e  s t u m p  l e n g t h .  T h e
c r u c i a l  d e c r e a s e  i n  m u s c l e  v o l u m e  a p p e a r s  i n  a m p u t a t i o n s  i n  t h e
p rox ima l  ha l f  o f  t he  f emur .
A l so  t hc  ncnmet rv  o f  t he  c l eaved  and  reancho red  musc les  channes
í s a r t o r i r r s .  r e c t u s  f e m o r i s .  t e n s o r  f a s c i a e  l a t a e .  h a m s t r i n o  m u s c l e s
a n d  g r a c i l i s ) ,  w h i c h  i s  d u e  t o  a  c h a n g e d  i s t a l  f i x a t i o n  a n d  w h i c h  h a s
c o n s e q u e n c e s  f o r  t h e  f u n c t i o n ( s )  o f  t h e  m u s c l e .  E s p e c i a l l y  i n  a m p u t a -
t i ons  i n  t he  p rox ima l  ha l f  o f  t he  f emur  a  changed  geomet ry  o f  t he  once
b i a r t i c u l a r  m u s c l e s  i s  v i s i b l e .
Musc les  reancho red  by  a  myop las t y  (myop las t y  i s  t he  end - to -end  su tu re
o f  a n t a g o n i s t i c  m u s c l e s  o r  m u s c l e  g r o u p s  a c r o s s  t h e  c u t  e n d  o f  t h e
femur )  show a  g rea te r  vo lume  than  musc les  reancho red  by  a  myodes i s
(myodes i s  i s  t he  a t t achmen t  o f  t he  musc les  t o  t he  f emora l  s tump) .  The
d i f f e rences  i n  musc le  vo lume  a re  due  to  t he  f ac t  t ha t  musc . l es  reancho -
red  by  a  myodes i s  on l y  have  a  sma l l e r  c ross -sec t i on  a t  t he  l eve . l  o f
f i xa t i on  t o  t he  f emur  i n  con t ras t  t o  musc les  reancho red  by  a  myop las -
t y .
I n  seven  t rans femora l  ampu tees  the  i  I  i o t i b i a l  t r ac t  has  no t  been
reancho red ,  p robab l y  t o  avo id  an  abduc t i on  con t rac tu re ,  Neve r the less
i n  f o u r  o f  t h e s e  a m p u t e e s ,  a l l  w i t h  a  s h o r t  o r  m e d i u m  s t u m p  l e n g t h ,  a n
abduc t i on  con t rac tu re  has  appea red .  I n  two  o f  t hese  ampu tees  the
c leaved  adduc to r  l ongus  and  magnus  have  a l so  no t  been  reancho red .
T h e s e  m u s c l e s  a r e  s t r o n g  h i p  a d d u c t o r s  b e c a u s e  o f  t h e i r  d i s t a l  i n s e r -
t i on  a t  t he  f emur .  The  h ip  abduc to rs  rema in  i n tac t  a f t e r  an  ampu ta t i on
so  tha t  t he re  i s  no  ba lance  i n  musc le  f o r ce  be tween  the  abduc to rs  and
a d d u c t o r s ,  r e s u l t i n g  i n  a n  a b d u c t i o n  c o n t r a c t u r e  o f  t h e  f e m u r .
T h e  c a s e  f o r  t h e  h i p  f l e x o r s  a n d  e x t e n s o r s  i s  s . i m i l a r .  I f  t h e  i l i o t i -
b i a l  t r ac t  i s  no t  reancho red  the  tenso r  f asc iae  l a tae  and  g lu teus
m a x i m u s  a r e  r e t r a c t e d ,  b e c a u s e  b o t h  m u s c l e s  i n s e r t  i n t o  t h e  i l i o t i b i a l
t r a c t .  T h e  g l u t e u s  m a x i m u s  i s  t h e  m o s t  i m p o r t a n t  h i p  e x t e n s o r  i n
t rans femora l  ampu tees ,  because  the  hams t r i ng  musc les  a re  a lways
a f fec ted  by  t he  ampu ta t i on .  I f  t he  g lu teus  max imus  i s  re t rac ted  and
h a s  n o  i n s e r t i o n ,  t h e  m u s c l e  i s  l e s s  e f f e c t j v e .  T h e  s t r o n n ê c t  h i n
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in an imbalance of nuscle force between the hip flexors and extensors
and a flexion contracture of the fenur appears. Four amputees with a
short or medium stump length show a flexion cóntracture.
The conclusion of the study described in chapter 3 is that a balance
of- muscle force between the hip adductors and abductors and between
the hip flexors and extensors is inportant to avoid a contracture and
can only be obta ined i f  a t l  the c leaved muscles and the i l io t ib ia l
t ract  are reanchored correct ly ,  wi th the r ight  muscle tension and wi th
the fenur  in  a neutra l  posi t ion.
In chapter  4 the naximal  isometr ic  torgue (MIT)  of  the h ip muscles in
four  d j f ferent  d i rect ions ( f1exion,  extension,  adduct ion and abduct i -
on) has been deternined. The results of this study are conpared with
the norphological  resul ts  of  chapter  3.  Twe' lve nales wi thout  an
amputation have been studjed as a reference group.
The MIT at the intact side of the amputees is equal to the I 'IIT of the
subjects wi thout  an amputat ion.  The MIT at  the amputated s ide is  on
average lower than the MIT at the intact side of the amputees; f lexion
is 32%, extension 35%, adduction 50& and abduction 46% lower. The
d i f f e rences  a re  s ta t i s t i ca l l y  s i gn i f i can t ,  excep t  f o r  t he  h ip  ex tens i -
on.  High corre lat ions (0.76-0.92)  are found between the reduct jon in
MIT (%) and the amount of atrophy (%) of the hip flexors, extensors
and abductors but  not  for  the h ip adductors (0.64) .  Also a corre lat ion
js found between the reduction in muscle torque and the stump length
(0 .68 -0 .87  )
In amputat ions in  the d is ta l  th i rd of  the femur the maxinal  f lex ion,
extension and abduction torques decrease L0-20% and the maximal
adduct ion torque 30-40?.  In anputat ion around the n iddle of  the femur
the maximal f lexion and extension torques decrease 30-40% and the
maxinal abduction and adduction torques 4A-50e". In anputations in the
proximal third of the femur the maxinal isometric torques decrease
about 70-80%. The crucial decrease in muscles torque, in agreement
wi th the cruc ia l  decrease in muscle volume, appears in  amputat ions in
the prox imal  hal f  o f  the femur.  Especia l  ly  in  amputat ions in  the
proximal half of the femur it is important to keep the stump as long
as possib le to reta in naximum force of  the h ip muscles.
Amputees wi th an abduct jon contracture show a substant ia l  1y lower




permanen t l y  sho r tened  s ta te .  F rom the  l i t e ra tu re  i t  i s  known  tha t  t he
max ima l  i some t r i c  abduc t i on  t o rque  dec reases  w i th  p rog ress i ve  h ip
abduct  i on .
I n  chap te r  5  t he  k inemat i c  pa rame te rs  o f  t he  p ros the t i c  ga i t  and  the
ac t i v i t y  o f  t he  supe r f i c i a l  h i p  musc les  a t  t he  i n tac t  and  ampu ta ted
s ide  have  been  desc r i bed  i n  t he  same t rans femora l  ampu tees .  The  ga i t
o f  t he  t r ans femora l  ampu tees  w i th  a  p ros thes i s  has  changed .  The
anpu tees  f i nd  p rob lems  i n  wa l k i ng  w i th  a  p ros thes i s ,  wh i ch  a re  due  to
the  pass i ve  e lemen t  o f  t he  p ros the t i c  1eg .  The  h ip  musc les  a re  no t
d i rec t l y  connec ted  w i th  t he  p ros thes i s ,  as  a  resu l t  o f  wh i ch  fo r ces
have to be t ransferred to and f rom the prosthesis  to move the prosthe-
t i c  1eg .  A1so ,  ro ta t i ons  i n  t he  p ros the t j c  knee  have  to  be  i n i t i a ted
by  the  musc . l es  o f  t he  h ip  and  th igh .
The  p ros the t i c  aa i t  shows  some remarkab le  cha rac te r i s t i cs .
The  ampu tees  wa lk  w i t h  a  35% lower  comfo r tab le  wa l k i ng  speed  than
no rma l  sub jec t s .  Howeve r ,  t he re  was  a  l a rge  va r i a t i on  i n  comfo r tab le
w a l k i n g  s p e e d  ( 0 . 7 1 - 1 . 3 0  m / s )  b e t w e e n  t h e  a m p u t e e s ,  b u t  t h i s  s p e e d  i s
no t  co r re la ted  w i th  t he  age  o r  s tump  l eng th  o f  t he  ampu tees .  The
s t r i de  l eng th  a l so  shows  a  l a rge  va r i a t i on ,  bu t  t he  s tep  ra te  a  sma l l
va r i a t i on ,  I t  seems  tha t  t he  ampu tees  compensa te  f o r  t he  l ower  o r
h ighe r  wa l k i ng  speed  w i th  t he i r  s t r i de  l eng th  ra the r  t han  w i th  t he i r
s teD  ra te .
The  ampu tees  wa lk  w i t h  a  l a rge r  s t r i de  w id th  (18 -30  cm)  t han  no rma l
sub jec t s  (16  cm) .  The  ampu tees  w i th  a  h igh  comfo r tab le  wa l k i ng  speed
wa lk  w i t h  a  sma l l e r  s t r i de  w id th  t han  ampu tees  w i th  a  l ow  comfo r tab le
w a l k i n g  s p e e d .
The  ampu tees  how an  asymmet r i ca l  wa )k ing  pa t te rn .  I n  no rma l  sub jec t s
the  s tance  phase  takes  app rox ima te l y  58% o f  t he  s t r i de  and  the  sw ing
phase  app rox ima te l y  42% and  these  va lues  a re  equa l  f o r  bo th  1egs .
Howeve r ,  i n  t he  ampu tees  the  du ra t i ons  o f  t he  s tance  and  sw ing  phases
a re  no t  equa l  f o r  bo th  1egs .  The  ampu tees  tand  a  l i t t l e  l onge r  on
the i r  j n tac t  l eg  (63%)  than  on  the i r  p ros the t i c  1eg  (58%) .
In  no rma l  sub jec t s  t he re  i s  on l y  l i t t l e  l a te ra l  bend ing  o f  t he  t r unk
a n d  t h i s  i s  e q u a l  f o r  b o t h  s i d e s  ( 3 - 5  d e g r e e s ) .  E i g h t  o u t  o f  e l e v e n
ampu tees  show a  s t ronge r  l a te ra l  bend ing  o f  t he  t r unk  toward  the
p ros the t i c  s i de  du r i ng  the  s tance  phase  o f  t he  p ros the t i c  l eg  (7 -25
deg rees ) .  F rom the  l i t e ra tu re  i t  i s  we l l  known  tha t  t he re  i s  a  re la t i -
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of  the h ip abductors.  In  four  amputees wi th extreme latera l  bending of
t he  t runk  the  h ip  abduc to rs  (g lu teus  max imus  and  med ius )  a re  i ndeed
strongly at rophied (chapter  3)  and these anputees a lso show a lower
max imai  isometr ic  abduct ion torque (chapter  4)  .  These amputees a. l  l
have  an  abduc t i on  con t rac tu re  and  the i r  i l i o t i b i a l  t r ac t  i s  no t  f i xed .
resu l t i ng  i n  a  re t rac ted  g lu teus  max imus .
These  f i nd ings  con f j rm  the  impor tance  o f  a  good  f i xa t i on  o f  t he
adduc to r  l ongus  and  magnus  and  the  i  I  i o t i b i a l  t r ac t  t o  avo id  an
abduc t i on  con t rac tu re  and  to  ob ta in  a  we l l  f unc t i on ing  g lu teus
max imus .  I n  t h i s  manner  a  good  func t j on  o f  t he  h ip  abduc to rs  w i l l  be
o b t a i n e d ,  r e s u l t i n g  j n  a  s u f f i c i e n t  s t a b i l i z a t i o n  o f  t h e  p e l v i s  w h i c h
i s  an  impor tan t  cond i t i on  f o r  a  good  wa lk ing  pa t te rn .
The pat terns of  mot ion of  the h ip and knee jo ints  a lso show some
remarkab le  cha rac te r i s t i cs .  I n  con t ras t  t o  no rma l  sub jec t s ,  i n  t he
amputees rebound of  the h ip at  the amputated s ide at  heel  s t r ike of
t he  p ros the t i c  f oo t  i s  ve ry  sma l  I  o r  absen t .  The  absence  o f  t he
rebound of  the h ip is  connected to the absence of  a rebound of  the
p ros the t i c  knee  a t  hee l  s t r j ke  as  j n  no rma l  sub jec t s .  ï he  j n tac t  knee
of  the amputees f lexes a few degrees at  heel  s t r ike,  but  remains in  a
f l exed  pos i t i on  du r i ng  the  en t i r e  s tance  phase  i n  con t ras t  t o  no rma l
sub jec t s .
Some ampu tees  how a  l a rge r  h ip  f l ex ion  a t  t he  end  o f  t he  sw ing  phase
than  no rma l  sub jec t s ,  p robab l y  t o  i nc rease  the  sw ing  ve loc i t y  o f  t he
knee  to  ensu re  a  s tab le  ex tended  knee ,
The amputees a lso show a larger  h ip extension at  the end of  the stance
phase ,  excep t  ampu tees  w i th  a  ve ry  sho r t  s tump .  No rma l  sub jec t s  f l ex
the i r  knee  g radua l l y  du r i ng  h ip  ex tens ion  ( knee  f l exo rs  and  ex tenso rs )
and  un ro l l  t he i r  f oo t  a t  t he  same t ime  (p lan ta r  f l exo rs ) .  Howeve r ,  i n
the prosthet  i  c  l  eg these act  i  ve mechan i  sms are absent  and these
movemen ts  have  to  be  i n i t i a ted  by  t he  pe l v i s  and  th igh .  The  p ros the t i c
knee  i s  on l y  ben t  sho r t l y  be fo re  t oe  o f f ,  wh i ch  resu l t s  i n  an  i nc re -
men t  o f  t he  h jp  ex tens ion .
In  ampu tees  w i th  a  sho r t  and  med ium s tump  l eng th  t he  angu la r  ve loc i t y
a t  t he  end  o f  t he  h ip  ex tens ion  i nc reases ,  immed ia te )y  f o l l owed  by  a
f a s t  h i p  f l e x i o n ,  a s  a  r e s u l t  o f  w h i c h  t h e  h i p  f l e x j o n - e x t e n s i o n  c u r v e
shows  a  sha rp  t r ans i t i on  f r om h ip  ex tens ion  to  f l ex ion .  Ampu tees  w i th
a shor t  or  medium stump length only have a smal l  contact  area between
the  th igh  and  socke t  t o  t r ans fe r  f o r ces  to  and  f rom the  p ros thes i s .
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Consequen t l y  t he  h ip  f l exo rs  a re  ha rd l y  ab le  t o  sw ing  the  p ros the t i c
l eg  f o rwa rds  and  the  h ip  f l ex ion  has  to  be  i n i t i a ted  by  t he  musc les  o f
t he  t runk  and  pe l v i s .  Sho r t l y  be fo re  t he  sw ing  phase  the  ampu tees  t i l t
t he i r  pe l v i s  and  t runk  fo rwa rds ,  f o l l owed  by  a  f as t  backward  t i l t i ng
o f  t he  pe l v i s ,  r esu l t i ng  i n  a  f as t  f o rwa rd  sw ing  o f  t he  t h igh  (h ip
f l e x i o n ) .
T h e  a c t i v i t y  o f  t h e  s u p e r f i c i a l  h i p  m u s c l e s  d u r i n g  w a l k i n g  h a s  a l s o
been  s tud ied  i n  t h i s  chap te r .  The  i n tac t  h i p  musc les  o f  t he  ampu tees
show the  same phas i c  ac t i v i t y  du r i ng  a  s t r i de  as  t hose  o f  no rma . l
sub jec t s ,  bu t  du r i ng  a  l onge r  pe r i od .
The  ac t i v i t y  o f  t he  g lu teus  max imus  and  med ius  a t  t he  ampu ta ted  s ide
du r i ng  the  s tance  phase  i nc reases  w i th  dec reas ing  s tump  l eng th .  These
musc les  a re  impor tan t  h ip  s tab i l i ze rs .  The  sho r te r  t he  s tump  l eng th
the  more  p rob lems  the  ampu tee  f i nds  i n  s tab i l i z i ng  t he  pe l v i s  and  the
p ros the t i c  l eg  du r i ng  the  s tance  phase .  Th i s  i s  due  to  t he  f ac t  t ha t
t he  femur  i s  no t  d i rec t l y  i n  con tac t  w i t h  t he  f . l oo r .  I n  no rma l  sub -
j ec t s  t he  f emur  has  a  s tab le  suppo r t  on  t he  f l oo r  du r i ng  t he  s tance
phase ,  as  a  resu i t  o f  wh j ch  the  h ip  s tab j l i ze rs  have  adequa te  l eve ra -
ge.  In  the amputees the femur is  incorporated in to the socket  and has
no  s tab le  pos i t i on .  ! í hen  the  g lu teus  max imus  and  med ius  a re  ac t i ve  t o
s tab i l i ze  t he  pe l v i s  t he  f emur  i s  no t  f i xed  immed ia te l y ,  bu t  mus t
f i r s t  compress  o f t  t i s sues  o f  t he  l a te ra l  t h i gh ,  be fo re  t he  femu l i  s
s t a b i l i z e d  a g a i n s t  t h e  w a l l  o f  t h e  s o c k e t .
The  l onge r  pe r i od  o f  ac t i v i t y  du r i ng  t he  s tance  phase  i s  ev iden t  i n
a l l  h i p  musc les  a t  t he  ampu ta ted  s ide .
The  phas i c  ac t i on  o f  t he  once  b ia r t i cu la r  musc les  du r i ng  a  s t r i de  has
c h a n g e d  t h e  m o s t ,  w h i c h . i s  d u e  t o  t h e  a b s e n c e  o f  t h e  k n e e  j o i n t .  I n
a m p u t e e s  w i t h  a  l o n g  s t u m p  t h e  o n c e  b i a r t i c u l a r  m u s c l e s  a r e  s t i l l
ac t i ve  du r i ng  t he  sw ing  phase  ( f l exo rs )  o r  a t  t he  beg inn ing  o f  t he
s tance  phase  (ex tenso rs ) .  I n  ampu ta t i ons  i n  t he  p rox ima l  ha l f  o f  t he
femur  t hese  musc les  a re  con t j nuous l y  ac t i ve .  P robab l y  t hese  musc les
p l a y  a  r o l e  i n  f i x i n g  t h e  s o c k e t .
The extra movements and muscle act iv i ty  of  the amputees per formed in
wa lk ing  w i th  a  p ros thes i s  w i l l  p robab l y  cause  a  h ighe r  ene rgy  expend i -
ture.  In  chapter  6 the energy expendi ture of  e leven male t ransfemoral
ampu tees  and  s i x  no rma l  ma les  has  been  measu red  a t  d j f f e ren t  wa l k i ng
F i r s t  a  t es t  p ro toco l  was  des igned  to  de te rm ine  the  ene rgy  expend i t u re
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a t  d i f f e ren t  wa l k i ng  speeds ,  because  ava j l ab le  t es t s  we re  no t  su i t ab le
fo r  t r ans feno ra l  ampu tees  w i th  a  p ros thes i s .  F rom the  l i t e ra tu re  i t  i s
known  tha t  i n  no rma l  sub jec t s  t he  wa l k ing  speed  expe r i enced  as  mos t
comfo r tab le  i s  ve ry  c l ose  to  t he  mos t  me tabo l i ca l l y  e f f i c i en t  wa l k i ng
speed .  I t  i s  no t  known  i f  t h i s  app l i es  equa l l y  t o  t r ans femora l  ampu-
tees .  I n  t h i s  chap te r  t he  comfo r tab le  and  mos t  me tabo l i ca l l y  e f f i c i en t
wa l k ing  speeds  o f  no rma l  sub jec t s  and  t rans femora l  ampu tees  have  been
de te rm ined .  The  mos t  me tabo l  i ca l  1y  e f f i c i en t  wa l k i ng  speed  i s  t he
speed  w i th  t he  l eas t  ene rgy  expend i t u re  pe r  d i s tance  cove red .
To  de te rm ine  the  mos t  me tabo l i ca l l y  e f f i c i en t  wa l k i ng  speed  the  ene rgy
expend i t u re  was  de te rm ined  a t  s i x  i nc remen ta l  wa l k i ng  speeds  w i th
' i n te rva l s  o f  0 .14  m/s  (0 .5  km ih ) .  Be tween  success i ve  wa i k ing  speeds
the  sub jec t  r es ted  du r i ng  th ree  m inu tes .  Du r i ng  wa l k ing  a l so  t he  hea r t
ra te  and  s tep  ra te  we re  de te rm ined ;  du r i ng  res t  on l y  t he  hea r t  r a te .
The  measu remen ts  we re  ca r r i ed  ou t  on  a  t r eadmi l l .  No t  a l l  t he  ampu tees
j n  t h i s  s t u d y  w e r e  a b l e  t o  w a l k  w i t h o u t  t h e  h e l p  o f  a  w a l k i n g  s t i c k  o r
t h e  b a r s  o f  t h e  t r e a d m i l l ,  e s p e c i a l l y  a t  t h e  h i g h e r  w a l k i n g  s p e e d s .
Us ing  a  wa l k i ng  s t i ck  o r  t he  ba rs  p robab l y  a l t e r s  t he  ene rgy  expend i -
ture.  Therefore these amputees were combjned in a separate group
( g r o u p  2 ) .
The  mean  comfo r tab le  wa l k i ng  speed  o f  t he  no rma l  sub jec t s  i s  1 .36  m/s ,
of  group I  o f  the amputees 0.83 m/s and of  group 2 of  the amputees
0 .74  m/s .  I f  t he  ampu tees  wa lk  w i t h  t he i r  own  comfo r tab le  wa l k i ng
speed a 25-35% higher  energy expendi ture is  found in compar ison wi th
no rma l  sub jec t s  a t  t he  same speed .  The  d i f f e rence  i n  ene rgy  expend i t u -
re  i nc reases  w i th  t he  wa l k ing  speed .
A l so  the  hea r t  r a te  o f  bo th  g roups  o f  ampu tees  i s  h ighe r  t han  tha t  o f
n o r m a l  s u b j e c t s ,  b u t  t h i s  d i f f e r e n c e  i s  n o t  s t a t i s t i c a l l y  s i g n i f i c a n t .
I f  t he  no rma l  sub jec t s  as  we l l  as  t he  ampu tees  wa lk  a t  t he i r  mos t
me tabo l i ca l l y  e f f i c i en t  wa l k i ng  speed  the i r  ene rgy  expend i t u re  pe r
second  i s  equa1 .  Howeve r ,  t he  ampu tees  wa lk  w j t h  a  l ower  mos t  me tabo -
1 i ca11y  e f f . i c i en t  wa l k i ng  speed  than  no rma l  sub jec t s .  The  mean  mos t
m e t a b o l i c a l l y  e f f i c i e n t  w a l k i n g  s p e e d  o f  t h e  n o r m a l  s u b j e c t s . i s  i . 3 0
m/s  and  o f  g roup  1  and  2  o f  t he  ampu tees  0 .94  m/s .  Th i s  imp l i es  t ha t
the  comfo r tab le  wa l k i ng  speed  o f  t he  ampu tees  does  no t  co r respond  w i th
t h e  m o s t  m e t a b o l i c a l l y  e f f i c i e n t  w a l k i n g  s p e e d .
A t  t he  comfo r tab le  wa l k i ng  speed  the  ampu tees  have  the  same s tep  ra te
as  the  no rma l  sub jec t s .  I n  t he  ampu tees  the  s tep  ra te  i nc reases  l ess
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wi th  t he  wa l k ing  speed  than  i n  no rma l  sub jec t s .  When  the  ampu tees  wa lk
w i th  a  h ighe r  o r  . l ower  wa l k i ng  speed  they  compensa te  f o r  t he  more  o r
' l ess  
cons tan t  s tep  ra te  w i t h  a  d i f f e ren t  s tep  l eng th .  Th i s  i s  f ound
a l so  i n  chap te r  5 .  The  more  o r  l ess  cons tan t  s tep  ra te  may  be  connec -
ted  w i th  t he  f ac t  t ha t  t he  ampu tees  have  d i f f i cu l t y  con t ro l l i ng  t he
sw ing  speed  o f  t he  knee  mechan i sm.  The  func t i on  o f  t he  p ros thes i s  as
an  ex te rna l l y  d r i ven  pendu lum in f l uences  the  spon taneous  cho i ce  o f
s teD  ra te .
F rom the  l i t e ra tu re  i t  i s  known  tha t  each  wa lk ing  speed  has  a  mos t
me tabo l i ca l l y  e f f i c i en t  s tep  ra te  and  tha t  no rma l  sub jec t s  spon tane -
ous l y  choose  the  e f f i c i en t  s tep  ra te .  I f  t he  no rma l  sub jec t s  wa l k  a t  a
dev ia t i ng  s tep  ra te  t he i r  ene rgy  expend i t u re  i nc reases .  I f  t he  ampu-
tees  wa lk  a t  t he i r  comfo r tab le  wa l k i ng  speed  the  s tep  ra te  i s  i n
ag reemen t  w j t h  t he  wa l k ing  speed .  Howeve r ,  a t  a  h ighe r  o r  l ower
wa lk ing  speed  the  s tep  ra te  d i f f e r s  f r om tha t  o f  no rma l  sub jec t s .
P robab l y  a  pa r t  o f  t he  h ighe r  ene rgy  expend i t u re  o f  t he  ampu tees  i s
due  to  t he i r  dev ia t i ng  s tep  ra te .
The  f i nd ings  o f  t h i s  s tudy  show the  impor tance  o f  a  p rope r  su rg i ca l
ampu ta t i on .  Accu ra te  f i xa t i on  o f  a l l  t he  c l eaved  musc les ,  bu t  espec i -
a l l y  o f  t h e  a d d u c t o r  l o n g u s  a n d  m a g n u s  a n d  t h e  i l i o t i b i a l  t r a c t ,  i s
impor tan t  t o  avo id  con t rac tu res ,  as  a  resu l t  o f  wh i ch  a  good  func t i o -
n ing  s tump  w i  I  1  be  ob ta ined .  The  p ros the t i s t  w i  1  1  encoun te r  f ewer
p r o b l e m s  i n  d e s i g n i n g  a n d  c r e a t i n g  a  g o o d  f u n c t i o n i n g  p r o s t h e s i s  i f
t he  ampu tee  has  a  s t rong  s tump  w i thou t  con t rac tu res .  The  more  dev ia t i -
ons  the  s tump  has  the  h ighe r  t he  demands  pu t  on  the  p ros the t i s t  and
the  p ros thes i s  t o  ob ta in  a  good  wa lk ing  pa t te rn .  A  good  func t i on ing
s tump  and  p ros thes i s  a re  impor tan t  cond i t i ons  t o  ach ieve  a  good
wa lk ing  pa t te rn  w i t h  ene rgy  expend i t u re  as  sma l l  as  poss ib le .
Th i s  s tudy  g i ves  more  i ns igh t  i n to  t he  morpho logy  and  func t i ons  o f  t he
in tac t  and  c leaved  h ip  musc les  o f  t r ans femora l  ampu tees .  The  new
v iewpo in t s  w i  I  I  hope fu l  1y  l ead  to  new p r i nc ip les  t o  improve  and
op t im ize  ampu ta t i on  su rge ry  as  we l l  as  t he  supp l y  o f  p ros theses  to
Dat  i  ents .
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